Possible Kondo effect in the iron arsenides 
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The normal state of the iron arsenides shows the poor metaUic behavior mixed with strong mag- 
netic fluctuations. In particular, some FeAs-IIII and FeAs-f22 compounds show the linear-T de- 
pendence of susceptibility above the spin-density wave (SDW) transition and the logarithmic upturn 
of resistivity at low temperatures. We suggest that this is due to the spin-flip scattering between the 
charge carriers and the local moments in the undoped FeAs layer where Kondo effect coexists with 
the SDW. This scenario is also accounted for the change of the magnetoresistance from positive to 
negative in the Sr3Sc205Fe2As2 compound. 
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Introduction. The recent discovery of superconductiv- 
ity in the iron-arsenide materials with transition temper- 
atures up to 56 K poses a new intellectual challenge in 
the correlated electron systems [l|, [2, 0, S S @| • These 
materials consist of an unique two-dimensional conduct- 
ing FeAs layer. The parent quaternary compounds (the 
1111 series), such as LaFeAsO, show a structure distor- 
tion and a coUincar spin-density wave (SDW) transition. 
They are suppressed by electron doping, giving rise to the 
superconductivity^- This is remarkably similar to the 
cuprates, where the high temperature superconductivity 
is derived from the magnetic ordered parent compounds 
by doping electrons or holes into the Cu02 planes. 

An apparent difference between the iron arsenides and 
the cuprates is that the parent compound of the former is 
a multi-orbital metal. Yet the normal state properties of 
the Fe As-based materials are unusual. One of the most 
striking feature is the linear temperature dependence of 
static susceptibility above the SDW transition tempera- 
ture. This behavior has been recently suggested as due to 
the strong exchange interaction among the so-called "pre- 
formed SDW moments" |8| or to the peculiarity of a two 
dimensional Fermi liquid[9[. Another silent feature, per- 
haps of equal significance, is the resistivity upturn at low 
temperatures in some 1111 series with[l|, [i], Q or without 
oxygens fioj. This feature is hindered by the emergent 
SDW instability or superconductivity and is hidden in 
some ternary compounds (the 122 series) [Tli IT^ . 

In our point of view, the above two features are char- 
acteristics of the normal state of a single FeAs layer. The 
experimental evidence for the resistivity upturn being ro- 
bust and intrinsic to the FeAs layer is accumulating. The 
transport measurement on a sizable single crystal of the 
BaFe2As2 sample exhibits this behavior both in the zero 
and finite magnetic field [l3|- Recently, a noticeable re- 
sistivity upturn behavior was found to pertain above 
in the superconducting LaFei_3;Ni2,AsO sample (l3|. Fur- 
thermore, a new 32522 compound, i.e., Sr3Sc205Fe2As2, 
was found to show a significant crossover from the metal- 
lic behavior at high temperatures to the upturn feature 



at low temperatures [15[. The inter-layer spacing in this 
compound is much larger than those in the 1111 and 122 
series. So it serves as an ideal system to study the physics 
of a single FeAs layer. 

In this paper, we suggest that the two characteristic 
features can be understood as due to the coexistence of 
Kondo effect and the SDW in the undoped FeAs layer. 
This Kondo effect may be regarded as a manifestation 
of the Sd multi-orbital correlations and it can be sup- 
pressed by electron doping and enhanced by small ap- 
plied field. We note that the resistivity upturn at low 
temperatures is usually attributed to the charge localiza- 
tion or the Jahn- Teller effect. The purpose of the present 
paper is to provide qualitatively evidence that the Kondo 
scenario is more likely. Our interpretation of the resis- 
tivity upturn assumes the existence of "local moments" 
[3], while the latter is evidenced in LaFeAsO by recent 
electron spin resonance experiment [l^ . 

Susceptibility and resistivity. Let us first briefly dis- 
cuss some experimental results. The linear temperature 
dependence of the susceptibility above the SDW ordering 
temperature is universal in the iron arsenides including 
the F-doped 1111 [H and 122 series[ll [H. This be- 
havior is an indication of strong antiferromagnetic inter- 
action among the local moments, described by the J1-J2 
Heiscnberg model 0, [Hj. If one chooses S — 1 and as- 
sumes Ji = J2(= Jd), the susceptibility can be fitted by 
X = xo(l + a T) (for T < O.SJa)^. For LaFeAsOi_^F^ 
or LaFei_2:Nia;AsO, however, while the coefficient of the 
linear-T term is nearly independent on x, the Pauli part, 
Xo , decreases with increasing x |14|. 

For the resistivity, a noticeable upturn just before the 
SDW transition could be seen in LaFeAsO [the upper in- 
set in Fig. 1(a)]. This behavior can be identified even in 
the normal state of the optimally-doped superconduct- 
ing samples of LaFei_2:Nia;AsO [IJ] [the upper inset in 
Fig. 1(b)]. The upturn after the minimum can be fitted 
by i? (X ci — C2 logT [Fig. l(a,b)]. Moreover, the resistiv- 
ity crossovers to R{T) oc i?(0)[l — cT^] as T decreases 
further [the lower inset in Fig. 1(b)]. Such kind of resis- 
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tivity evolution is a benchmark of Kondo effect [2! 
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Where. i?k is the band energy with the width 2D [as 
illustrated in Fig. 2(a)], /x is the chemical potential, Sj^c 
is the spin operator of the charge carrier, Jk the Kondo 
coupling and fi the chemical potential. 




-D ji D E \ 

m m 

FIG. 2: (Color online) (a) Schematic picture for coherent and 
incoherent excitations, (b) The hybridization (red) and non- 
hybridization (green) components distinguished in the MF 
approximation. 



FIG. 1: (Color online) Temperature dependence of the resis- 
tivity in the LaFeAsO and LaFeo.96Nio.4AsO samples. The 
temperature axis is scaled in logT, while it is scaled in in 
the lower inset in Fig. 1(b). The straight red lines are guide 
to the eyes. The experiment data are taken from Ref . [14| . 

The spin-flip scattering and the local Fermi liquid. 
We now argue that the linear-T susceptibility and the 
Kondo- like resistivity can be understood as due to the co- 
existence of the local moments (Sja) and itinerant carri- 
ers (ckaa-) in the FeAs layer In the LDA language [2^, 
they correspond to the coherent excitations in the vicin- 
ity of the Fermi-lcvel and the incoherent excitations away 
from the Fermi-level, as illustrated in Fig. 2(a). The in- 
coherent part is modeled by the J1-J2 Heisenberg model: 
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Jh^j a f3 Sj,a ■ Sj^p. The coherent part is modeled by 
non-interacting fermions with hole and electron pockets 
near the F and M points respectively. The interaction 
between them is generally described by 
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where Wa is the weight of the coherent excitations in the 
a-th orbital 2J] . So the system may be regarded as a 
generic momentum resolved Kondo lattice. Some com- 
ponents of Gk,qQ/37 may be antiferromagnetic due to the 
strong orbital-mixing and the moderate 3c?-Coulomb in- 
teraction, surpassing the Hund's coupling. Though all 
five 3d-orbitals contribute to w, some of Wa may be van- 
ishingly small due to possible orbital-selective Mott tran- 
sition [Note that w = Wa is small for a bad metal] . 
With these in mind, we consider a simplified model with 
a single conduction-electron band: 

H = W^{Ey, - Ai)4^Ckcr + wJk^ Sj.c ■ Sj.a + H,].{1) 



For the simplest case with a. = 1, i.e., the S = 1/2 
Kondo lattice model, the coexistence of Kondo effect 
and antiferomagnetic ordering is possible for suitable 
Jk/D and Jd/ {wD)^^, [2^. A more plausible case is 
for a — 1,2. This case is similar to the underscreened 
S — \ Kondo lattice with an additional Hund's coupling. 
It can be solved by the mean field (MF) approximation 
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ordering arises naturally in the MF solution. The ground 
state can be intuitively understood by distinguishing the 
hybridization and non-hybridization components [see in 
Fig. 2(b)], defined by Sa = Si + S2 and Sb = §2 - Si 
respectively. The distinction between the two compo- 
nents becomes more apparent if there is a weak Ising 
anisotropy. So the local moments are partially screened 
by the charge carriers, leading to the residual effective 
spins at each site. The magnitude of each of them de- 
creases with increasing Jx and arrives at the minimal 
value 1/2 if the hybridization sector is in the Kondo 
phase. The local magnetic entropy is suppressed further 
by the J1-J2 frustrations, leading to a coUinear SDW with 
a reduced ordered moment observed experimentally. 

In the Kondo phase of both cases, the low energy 
physics is determined by the Kondo temperature, Tr-, 
and the coherent temperature, Tcoh- The ratio of them 
can be approximated by Tcoh/Tx ~ e~^^^-*, /(/x) = 
^-D-^l - T^oh/Tk decreases exponen- 

tially if there is a drastic variation in p{uj) near the chem- 
ical potential ^, particularly when ^ moves to the band 
edge [see in Fig. 2(a)]. The LDA-hDMFT calculation 
shows that Tcoh is also strongly suppressed by the Hund's 
coupling [2^. For the same reasons, the specific heat co- 
efhcient is suppressed. Thus for the iron arsenides we 
shall focus on the limit Tk ^ Tcoh ~ 0. In this limit, the 
low temperature transport property is governed by a sin- 
gle scale Tk- Therefore, the normal state is a local Fermi 
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liquid. Here the bad metal behavior is also featured by 
comparably small ratio of the saturated resistivity to the 
one at room temperature (say at T = 300 K) due to small 
w. In the high temperature regime, however, the trans- 
port may deviate from the Fermi liquid behavior due to 
fluctuations beyond the MF approximation or other ne- 
glected multi-orbital effects. 

Implications of Kondo effect for the 1111 and 122 se- 
ries. The local Fermi liquid solution provides a scenario 
for the coexistence of Kondo effect and collinear SDW. 
The true long range ordering can be established at finite 
temperatures with small inter-layer coupling Jz ■ The or- 
dering temperature T^w ~ ^t^^sdw / '^'^.{Asdw / Jz), 
with AsDW = Jdrud^^- 

In the absence of Jk, the static susceptibility is con- 
tributed from both types of excitations: x — Xinc + Xcoh- 
Above TsDW, Xinc is given by the J1-J2 model, Xinc = 
Xo(l + ar) for T < 0.3Jd[l]. Xcoh is contributed from the 
coherent excitations, which is of the Pauli form. This 
part is proportional to the DOS at the Fermi level, pp- 
So we have x = Xq + aT, where xo = Xcoh + Xo, « = axo- 
According to the LDA calculation, the electron doping 
(either via F or Ni) will shift fi to the right, leading to 
a decrease in pp, as illustrated in Fig. 2(b). Thus the 
Pauli part xo shows an overall decreasin g te ndency, in 
agreement with the Ni-doping experiment [ij]. With the 
finite Jk, as w is very small for a bad metal, the effective 
coupling wJk does not essentially change the linear be- 
havior above Tsdw but may slightly enhance the Pauli 
susceptibility below Tk- As a peculiar feature of the co- 
existence of the Kondo effect and the J1-J2 coupling, the 
local moments do not show a significant Curie-like be- 
havior for T > Tk as in the conventional Kondo effect. 

The low temperature upturn behavior of electronic re- 
sistivity is usually attributed to the localization effect 
driven by doping-induced disorders. But this is less likely 
in the iron arsenides, as the upturn appears most sig- 
nificantly in the parent compounds and decreases with 
increasing Ni-doping. We emphasize that the electron 
correlation could be responsible to the upturn behavior 
in a translational invariant system. In the underdoped 
cuprates, the strong Coulomb repulsion results in a gauge 
interaction between the spinon and the holon, leading to 
a metal-insulator transition in the pseudo-gap phase [31 1. 
In the iron arsenides, the Coulomb repulsion is moder- 
ate so that the normal state is a bad metal which was 
suggested to be in proximity to the Mott transition(20l|. 
Here we just interpret the incoherent transport as due 
to the coexistence of Kondo effect and the SDW. Be- 
cause Tcoh ~ 0, the normal state is characterized by the 
Kondo temperature Tk ^ De-^/('"-^'^P''\ For T < Tk, 
the resistivity follows the well-known logarithmic behav- 
ior: i? « ci — C2 logT, with the coefficient C2 ^ wJkPf- 
This explains why C2 and xo show the same overall dop- 
ing dependence in the LaFci^ajNij^AsO compound[14|. 

When T goes down to Tsdw, the SDW ordering 



gap IS.SDW opens, triggering the SDW instability of the 
charge carriers. So pp has a drop across Tsdw- As a re- 
sult, Xo has a drop too as observed in some 122 series fisj]. 
Accordingly, there are two different Kondo temperatures, 
T^^ and T^\ associated with pp for T > Tsdw and 
T < Tsdw, respectively. The resistivity has also a drop 
due to a drastic increase in the scattering rate 1/t at 
the nested Fermi surfaces. So if T^p ^ Tsdw, there is a 
resistivity upturn above the SDW transition (as in many 
1111 series). Otherwise, for T^^ <C Tsdw, no upturn 
appears above Tsdw (as in some 122 series). These two 
cases are in accordance with the fact that Jz decreases 
from the 122 to 1111 series. In the SDW phase, the up- 
turn shows up again whenr<Tj^"^[ as in Fig. 1(a)]. The 
feature is most significant if Tk ^ Tsdw or Asdw 0. 
This is the case for the 32522 sample (see the inset in 
Fig. 3) where Jz should be very small. 



17 

16 

^15 
o 

a 14 

E 

12 
11 





25 








20 








15 
















10 













100 200 300 40C 








T{K) 










; Sr3Sc,0/e,As, 

















10 

r(K) 



100 



FIG. 3: (Color online) Temperature dependence of the resis- 
tivity for the 32522 sample. The temperature axis is scaled 
in logT. The straight red lines are guide to the eyes. The 
experiment data are taken from Ref . [15l| . 

The magnetoresistance and the possible ordered mo- 
ment in the 32522 sample. At zero temperature the 
magnetic field dependence of the resistivity, the mag- 
netoresistance (MR), can be deduced from the Fricdal 
sum rulell^]. In the conventional Kondo problem, the 
impurity spin is completely screened so that the MR is 
negative. This is because the spin-flip scattering and spin 
compensated ground state are suppressed in the presence 
of magnetic field. 

However, the situation for the present Kondo effect is 
different. Now the local moments are only partially com- 
pensated. The residual ordered moment plays the role 
of an intrinsic magnetic field. It is in general a function 
of the external magnetic field h, denoted by rn^p. Note 
that rrS^^ will be always suppressed by h for h < hi, 
with hi being defined by ra^^^^ = 0. For h > hi, the lo- 
cal moment polarizes gradually along h and saturates at 
the original quantized magnitude ( e.g., 0.5 in the unit 
of gpB ) as h approaches J^. Applying the sum rule 
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gives contribution of the local moment to the resistiv- 
ity: Riocim'^d^) = i?zoc(0) cos2(7rm^''^), with Rioc{0) being 
the zero temperature resistivity for /i = or m^"'' = nid- 
So we have 

ARiocjh) sin7r(mrf - ?7i^''^) sin7r(md + to^^^) ^^-j 
Riocirrid) cos2(7rmd) 

When ft, > /i2, where to^''^'' = riid, the sign of the MR 
changes from positive to negative. 

We find that the MR result depends only weakly on 
the details of m^j^^ if nid, hi, and arc properly fixed. 
Thus we can use a simplified molecular field approx- 
imation, i.e.; rn^d'^ = 771^(1 — h/hi) for h < hi and 

'^'d^ = O.Sy'^^ for hi < h < Jd. Eq.(2) is then 
compared with the T = 2 K data in the 32522 sam- 
ple. Fig. 4 shows the MR result of this estimation with 
rud « 0.014 hi ~ 1.15 Tesla, and Jd ~ 60 meV. 

We expect that the estimated MR curve could be more 
smooth if rn"^^ is accurately calculated from the J1-J2 
or 0(3) models in the presence of external field h. It is 
interesting to note that the very small ordered moment 
obtained by fitting the MR data may be responsible to 
a tiny kink at zero field seen in Fig. 3 near T k, 20 K. 
The kink disappears at /i = 9 Tesla when the SDW gap 
(w 0.8 meV) is completely suppressed. Our observation 
also suggests that both the positive and negative parts 
of the MR should be robust as T ^ 0. 
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FIG. 4: (Color online) The magnetoresistance at T = 2 K 
for the 32522 sample. The experimental data (open squares) 
are taken from Ref . [l5| . The red dashed line is a theoretical 
estimation at zero temperature based on the Friedal sum rule. 

Finally, we remark that for the undopcd 1111 and 122 
compounds, Asdw ~ 15 — 25 mcV, so hi ~ 150 — 250 
Tesla. This means that the negative MR is hardly ob- 
servable experimentally. Upon electron doping or chemi- 
cal pressure, however, /S.sdw decreases dramatically, the 
negative MR could be observed if the superconductivity 
does not intervene the Kondo effect. The chemical pres- 
sure can be realized by P doping of As which effectively 
enhances w and suppresses m^|16l| so that T^oh may in- 
crease slightly. All these could be possibly seen in the iron 



phosphides where the superconductivity is weak and can 
be completely suppressed by small magnetic field. 

In summary, the logarithmic-T resistivity behavior, its 
relation with the doping dependence of the Pauli sus- 
ceptibility, and the sign change in the MR, indicate a 
possible Kondo effect in the single FcAs layer. The co- 
exist of Kondo effect and the SDW is inherited from the 
multi-orbital 3(i-clcctron correlations and plays a role in 
the rich complexities of the iron arsenides. 
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